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Purpose: Given the radiation concerns inherent to the x-ray modalities, accurately estimating the ra-
diation doses that patients receive during different imaging modalities is crucial. This study estimated
organ doses, effective doses, and risk indices for the three clinical chest x-ray imaging techniques
(chest radiography, tomosynthesis, and CT) using 59 anatomically variable voxelized phantoms and
Monte Carlo simulation methods.
Methods: A total of 59 computational anthropomorphic male and female extended cardiac-torso
(XCAT) adult phantoms were used in this study. Organ doses and effective doses were estimated
for a clinical radiography system with the capability of conducting chest radiography and tomosyn-
thesis (Definium 8000, VolumeRAD, GE Healthcare) and a clinical CT system (LightSpeed VCT,
GE Healthcare). A Monte Carlo dose simulation program (PENELOPE, version 2006, Universitat
de Barcelona, Spain) was used to mimic these two clinical systems. The Duke University (Durham,
NC) technique charts were used to determine the clinical techniques for the radiographic modali-
ties. An exponential relationship between CTDIvol and patient diameter was used to determine the
absolute dose values for CT. The simulations of the two clinical systems compute organ and tissue
doses, which were then used to calculate effective dose and risk index. The calculation of the two
dose metrics used the tissue weighting factors from ICRP Publication 103 and BEIR VII report.
Results: The average effective dose of the chest posteroanterior examination was found to be
0.04 mSv, which was 1.3% that of the chest CT examination. The average effective dose of the
chest tomosynthesis examination was found to be about ten times that of the chest posteroanterior
examination and about 12% that of the chest CT examination. With increasing patient average chest
diameter, both the effective dose and risk index for CT increased considerably in an exponential fash-
ion, while these two dose metrics only increased slightly for radiographic modalities and for chest
tomosynthesis. Effective and organ doses normalized to mAs all illustrated an exponential decrease
with increasing patient size. As a surface organ, breast doses had less correlation with body size than
that of lungs or liver.
Conclusions: Patient body size has a much greater impact on radiation dose of chest CT exami-
nations than chest radiography and tomosynthesis. The size of a patient should be considered when
choosing the best thoracic imaging modality. © 2014 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4859315]

Key words: chest CT, chest radiography, chest tomosynthesis, chest X-ray imaging, radiation dose,
CT dose, organ dose, effective dose, dose comparison, risk index, Monte Carlo, computational phan-
tom, XCAT

1. INTRODUCTION

There are three main x-ray based modalities for imaging the
thorax: radiography, tomosynthesis, and CT. Chest radiogra-
phy remains the most commonly performed diagnostic imag-

ing test overall, especially for the diagnosis of many pul-
monary diseases.1 The advantages of chest radiography in-
clude high accessibility, low cost, and minimal radiation dose
to lungs and breasts. However, the detectability of patholo-
gies in radiography is very limited by quantum noise, spatial
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resolution, and overlaying projected anatomy.1 The introduc-
tion of computed tomography (CT) in the 1970s provided a
great solution for limitations of overlaying anatomy, imaging
the inner depth of the body slice by slice.2 The high level
of feature resolution in CT brings with it much higher radi-
ation exposure to the patient, which has increased concern
about CT imaging among health care professionals.3–5 To-
mosynthesis, which can also eliminate overlaying structures
and provide depth information, was introduced to the medical
imaging world as a possible low dose alternative to CT.6 It
is certain that each of the three imaging modalities carries its
own value and is beneficial to patients, but the benefit to radi-
ation risk ratio should be well assessed before deciding on the
appropriate modality to use. Therefore, it is important to have
the ability to accurately estimate radiation doses that patients
receive during these procedures to place them in perspective
with diagnostic quality.

There are many radiation dose studies focused on a spe-
cific procedure7–17 as well as several studies comparing radia-
tion doses between the three chest imaging modalities.18, 19

Both Sabol and Bath’s study simulated the chest radiogra-
phy and tomosynthesis using Monte Carlo method and one
generic mathematical phantom. Sabol’s study found that the
total effective dose for tomosynthesis examination was less
than 75% of that predicted by scaling of the posteroante-
rior chest radiograph to tomosynthesis mAs ratio. The same
study also showed that the effective dose for tomosynthesis
was about twice that of a conventional two-view chest x-ray
examination and less than 2% of the published average val-
ues for chest CT.19 Bath’s study found that the effective dose
for tomosynthesis examination was around two to three times
that of a conventional two-view chest x-ray examination and
about 2% of an average chest CT.18 Both of these studies com-
pared their results with published chest CT values, thus pre-
vious comparison studies across the three modalities have not
been based on one common dosimetry platform.18, 19 Limited
to one generic phantom, patient specific doses have not been
previously compared.

This study fills this gap by estimating organ doses, effec-
tive doses, and risk indices for each of the three modalities.
This study used a common Monte Carlo simulation platform
to enable direct comparison of the results. Furthermore, this
study was based on 59 voxelized phantoms emulating pa-
tient variability that exists in a clinical practice and thus pro-
viding means to use patient specific methods. As such, this
study aimed to offer a patient specific comparison of the three
modalities.

2. METHODS

2.A. Patients and extended cardiac-torso (XCAT)
computational phantoms

A total of 59 adult patients (35 male and 24 female) were
studied. With IRB approval, 57 of these patients were chosen
from the Duke CT database; an additional two were based
on the Visible Human anatomical data, created as reference
phantoms matched to ICRP publication 89 anatomical values.

Each of the 57 computational phantoms were created based
on a four step process.20 First, high resolution chest-abdomen-
pelvis CT data were chosen retrospectively to represent a wide
range of body types and ages of adult males and females. Sub-
ject BMIs ranged from 19.2 to 36.1 kg/m2 with an average of
27.0 kg/m2 for males and from 18.2 to 36.7 kg/m2 with an av-
erage of 27.4 kg/m2 for females; the ages ranged from 18 to
78 for males and from 27 to 75 for females. The mean BMI for
all patients in this study was 27.2 kg/m2. An experienced ra-
diologist examined the CT data to ensure that their anatomies
were normal. The CT data were then segmented semimanu-
ally by in-house software ImageSegment (RAI Laboratories,
Duke University, Durham, NC) on a tablet computer.

Second, the obtained segmentation data for chest-
abdomen-pelvis were imported to processing software
(Rhinoceros, www.rhino3d.com) to build 3D NURBS mod-
els. In the software, the surfaces of segmented organs were
smoothed and fit to 3D polygon mesh surfaces. After the trunk
was built, the arm and leg measurements, including their skin
circumferences and arm length, were determined by the Peo-
pleSize software (http://www.openerg.com/psz/index.html).
The length of legs was determined according to a linear re-
lationship between trunk height and body height. The arms
and legs were then attached to the trunk with the Rhinoceros
software.

Third, the multichannel large deformation diffeomorphic
metric mapping (MC-LDDMM) was applied to obtain the
patient’s framework (the outline of patients).21 Lastly, the
transformed phantom was finalized by an experienced ob-
server visually examining the anatomy. The criterions for
accepting the finalized phantom included examinations of
organ volumes and total body weight. Through voxeliz-
ing the phantom and counting the voxels, the organ vol-
umes were determined, which were then evaluated to be
within the ranges given in the ICRP Publication 89 and ex-
pected from patients’ heights.21, 22 Organ weights were deter-
mined by multiplying the obtained volumes with the corre-
sponding tissue densities, based on NIST data (http://physics.
nist.gov/PhysRefData/XrayMassCoef/tab2.html). The total
body weight was thereafter calculated and adjusted finely to
match the patient’s original weight within 1%, achieved by
scaling the skin surface of the phantom’s arms and legs.

The two reference phantoms, one male and one female,
were built through the same process except that their organ
weights were adjusted to match the reference values from
ICRP Publication 89. They were also assumed to be 20-year-
old adults. Thus, these two phantoms were named reference
phantoms in the XCAT phantom library.21, 23

To implement the Monte Carlo simulation, the 59 phan-
toms were isotropically voxelized with 3.45 mm voxels. For
the CT simulation, patients were “positioned” on a table to
mimic the real clinical setting [Fig. 1(b)].

2.B. Organ dose simulation

The Monte Carlo simulation software PENELOPE (ver-
sion 2006, Universitat de Barcelona, Spain) was used to cal-
culate the organ dose for all modalities, and energy deposition
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FIG. 1. Schematic illustration of the tomosynthesis acquisition geometry (a) and the CT acquisition geometry (b).

in organs and tissues was tallied for the dose computation. A
total of 8 × 107 histories were simulated for each examination
to achieve relative errors of less than 1% for organs inside the
field-of-view. The location of the x-ray source with respect to
the phantom was according to each modality’s configuration.

2.B.1. Chest x-ray radiography configuration

A clinical radiography system with the capability of con-
ducting tomosynthesis (Definium 8000, GE Healthcare) was
modeled. To be able to accurately calculate patient dose, the
x-ray spectrum used in the simulation should be properly gen-
erated. In our study, the half-value-layer (HVL) was measured
on a GE Definium 8000 machine using the real clinical set-
tings for chest x-ray (120 kVp with 2 mm Al + 0.1 mm Cu
filtration). The spectrum that yielded the exact same HVL,
which was 7.0 mm Al for 120 kVp, was generated with xSpect
software.24

Lateral field-of-view (FOV) was fixed, because the lateral
field size does not affect the radiation dose when the body is
completely irradiated in that direction. Therefore, the largest
detector FOV (41 cm) was chosen for chest posteroanterior,
anteroposterior, and tomosynthesis examinations and a 35 cm

FOV for the left lateral. For obese patients laterally exceed-
ing the FOV, the collimation was still fixed at the lateral di-
mension of the corresponding detector FOV. To determine the
vertical collimation, the longitudinal locations of the apex and
bottom of the lungs were first computed. Two 3 cm margins
were added above the apex and below the bottom to approx-
imate the clinical setting (Table I). The x-ray source was lo-
cated on the same plane as the central transaxial plane of the
lungs.

2.B.2. Tomosysthesis configuration

The radiographic system modeled in this study is en-
abled to conduct tomosynthesis sweeps by installing the Vol-
umeRAD software. This software controls the x-ray tube head
movement in the vertical direction and performs acquisitions
to obtain tomosynthesis projections, shown in Fig. 1(a). The
extreme angles with respect to the horizontal direction were
−15.3◦ and +15.2◦ with a pivot-point-to-image-distance of
9.9 cm. In a real clinical setting, 60 projections are taken
during one sweep with the same vertical increment (a con-
stant step size) between the extreme angles. The high num-
ber of projection angles is needed for reconstruction; for the

TABLE I. Imaging techniques for all modalities. PA = posteroanterior, AP = anteroposterior, and LAT = lateral.

Modalities

Examination PA and AP Left LAT Tomosynthesis CT
Thickness Number of mAs Thickness Number of mAs Thickness Number of mAs

(cm) patients (cm) patients (cm) patients

<21 5 1.7 <30 1 3.1 <21 5 15
21–24 26 2.1 30–33 9 3.8 21–24 26 19.2 CTDIvol

mAs or CTDIvol
24–27 18 2.5 33–39 37 5.4 24–27 18 24 = 0.061e0.15d

>27 10 3.1 >39 12 7.6 >27 10 30
Scan mode . . . . . . . . . Helical
Pitch . . . . . . . . . 1.375
Beam collimation . . . . . . . . . 40 mm
Scan field-of-view . . . . . . . . . Large body
Tube voltage 120 kVp 120 kVp 120 kVp 120 kVp
Scan coverage 3 cm margins above and below lungs 1 cm margins

above and
below lungs

Medical Physics, Vol. 41, No. 2, February 2014
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dosimetry purpose of this study, 20 projection angles were
used with the same vertical increment considering that the ra-
diation dose difference between adjacent angles is extremely
small. In this study, collimation of the beam remained the
same for all angles. The effect of the unchanged collimations
will be discussed later.

2.B.3. Radiographic and tomosynthesis techniques

The Monte Carlo program provides energy deposition per
mAs. The mAs values for the chest posteroanterior, antero-
posterior, and left lateral examinations were determined by
the technique charts in use at Duke University, shown in
Table I. For tomosynthesis, the total mAs was ten times that of
the corresponding posteroanterior mAs (recommended by the
GE user manual for chest tomosynthesis). The total mAs was
then divided by 60, the number of projection angles acquired
clinically, and rounded down to the next lower mAs from the
imaging system. This resulted in a lower total mAs (Table I),
which was divided by 20 for one projection in our simulation
software.

2.B.4. CT system simulation and scan techniques

A Monte Carlo dose program previously developed in our
laboratory, based on PENELOPE software, was used for chest
CT dose calculation.25, 26 The Monte Carlo program modeled
the different components of a 64-slice CT system (LightSpeed
VCT, GE Healthcare). The HVL for this system was 7.5 mm
Al at 120 kVp. The accuracy of the simulated dose was val-
idated in a cylindrical phantom and two anthropomorphic
phantoms for both axial and helical scanning modes. Simula-
tions were found to agree with measurements within 1%–11%
on average and 5%–17% maximum error.25

The Monte Carlo program calculates energy deposition to
organs and tissues per unit CTDIvol values. The CTDIvol val-
ues for chest CT examinations on the GE VCT machine were
studied in our group. It was found that CTDIvol followed an
exponential relationship (Table I) with the patient’s diameter
obtained from the scout images.27 This diameter, referred to
here as average diameter, was calculated by measuring the
anteroposterior and lateral thickness of the middle part of the
trunk. The square root of the product of the two thicknesses
was then taken.27

2.C. Effective dose and risk index calculation

Organ dose obtained from the Monte Carlo simulation was
used to calculate the effective dose defined in ICRP publi-
cation 103.28 Since each phantom has only one type of gen-
der reproductive organs, dose to gonads was approximated by
dose to testes or ovaries; dose to prostate or uterus/cervix was
used in the calculation of dose to remainder tissues. To esti-
mate cancer risk, risk index was calculated as

RI =
∑

T

rT (gender,age)HT ,

where rT is the gender, age- and tissue specific risk coeffi-
cient (cases/100 000 exposed to 0.1 Gy) and HT is the equiv-

alent dose to organ T.26 The tabulated lifetime attributable
risk of cancer in BEIRVII report were used for the values of
rT at discrete ages with linear interpolation for intermediate
ages.29

2.D. Data analysis

To examine the effect of patient size on organ and effective
dose and to make the results applicable to different imaging
techniques, the effective dose per mAs (for chest posteroan-
terior, anteroposterior, left lateral, and tomosynthesis) or
100 mAs (for chest CT) was plotted against patient thickness
or diameter respectively. Organ dose per mAs or 100 mAs was
plotted against average chest diameter, with the thicknesses in
the square root being the anteroposterior and lateral thickness
through the beam center. Organ dose was plotted against one
parameter for all modalities for easy comparisons. Chest pos-
teroanterior and left lateral examinations were also combined
for the plots of normalized organ dose to simulate the conven-
tional two-view chest x-ray. A nonlinear regression analysis
was performed to explore the relationship between organ or
effective dose with body size.

3. RESULTS

3.A. Average organ dose and effective dose across
imaging modalities

Figures 2(a) and 2(b) show the average organ dose and ef-
fective dose of the 59 patients from each modality. The av-
erage effective dose was calculated by averaging the 59 pa-
tients’ effective dose, obtained from the organ dose of each
patient (Sec. 2.C). The average lung dose for posteroanterior
radiography examination was 0.12 mGy, about 11% of that for
tomosynthesis (1.0 mGy) and 2% of that for CT (6.11 mGy).
The average breast dose for posteroanterior examination was
0.03 mGy, about 11% of that for tomosynthesis (0.24 mGy)
but only 0.5% of that for CT (5.8 mGy). The chest CT had
the largest average effective dose of 3.2 mSv, while the chest
posteroanterior examination had the smallest average effec-
tive dose of 0.039 mSv, which is 1.3% that of the chest CT.
The average effective dose of the chest anteroposterior exam-
ination was around two times that of the chest posteroante-
rior examination; the average effective dose of the chest left
lateral examination was around 2.5 times that of the chest
posteroanterior examination. The chest tomosynthesis had the
highest average effective dose among radiographic examina-
tions, which was about nine times that of the chest posteroan-
terior examination but still only about 12% that of the chest
CT. For all chest radiographic examinations, the coefficient
of variation of the estimated effective dose ranged from 10%
(posteroanterior examination) to 19% (left lateral examina-
tion), while for CT it is much higher at 35%.

3.B. Effect of patient size on radiation dose

Figures 3(a)–3(e) show the distribution of radiation dose to
radiosensitive organs relevant to chest imaging. Results from
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FIG. 2. Average organ (a) and effective dose (b) across imaging modalities. The tomosynthesis dose excluded the dose from the scout image. ED = effective
dose, PA = posteroanterior, AP = anteroposterior, and LAT = lateral.

the posteroanterior and left lateral study (PA + Left LAT)
were combined in the plots to represent the conventional two-
view chest x-ray. For CT, all the organ doses increased signif-
icantly with patient size in an exponential fashion. However,
they remained comparatively flat for the radiographic modal-
ities. In these radiographic modalities, while doses to lungs,
liver, and esophagus for different modalities were distinguish-
able for individual patients, doses to breasts were overlapping
for some patients.

Figures 4(a) and 4(b) show the distribution of effective
dose for all patients. Results from the posteroanterior and
left lateral study (PA + Left LAT) were also combined.
With increasing patient average chest diameter, the effective
dose for CT increased considerably in an exponential fash-
ion, while effective dose for radiographic modalities only
increased slightly. The ratio of effective dose for chest CT
versus tomosynthesis showed a significant slope as a func-
tion of chest diameter, while the same ratio for chest to-
mosynthesis versus the two-view chest x-ray remained rather
flat.

Figures 5(a)–5(d) show the distribution of risk index for
all patients. In the plots, all patients were set to 40 years
old to eliminate the effect of age. Risk index values across
the four modalities and the corresponding risk index ratio
showed trends similar to those for effective dose of both fe-
male and male patients. For the same size females and males,
risk index for females was about twice of that of males.

The risk index ratios for males and females showed similar
results.

3.C. Correlation of patient size with effective dose per
mAs or 100 mAs

Figures 6(a)–6(d) depict the exponential relationship be-
tween effective dose per mAs or 100 mAs and patient body
size. Table II tabulates the fitting parameters for the following
formula:

ED = exp(αEDd + βED),

where d is the body dimension related to the technique used
by the specific examination. For the chest posteroanterior, an-
teroposterior, and tomosynthesis examinations, d was the an-
teroposterior thickness at the beam center; for the left lateral
examination, d was the lateral thickness at the beam cen-
ter; for chest CT, d was the average diameter (defined in
Sec. 2.B.4). Chest tomosynthesis had the highest R2 value, in-
dicating the best correlation between effective dose per mAs
and anteroposterior thickness. This can also be observed by
the less scattered “+” in Fig. 6(c). To the contrary, the chest
anteroposterior examination had the smallest R2 value, which
can be observed by the dispersed points in Fig. 6(a). The chest
posteroanterior and tomosynthesis examinations had a very
similar distribution of effective dose per mAs, and thus close
αED and βED values.

Medical Physics, Vol. 41, No. 2, February 2014
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FIG. 3. Distribution of organ dose with respect to patient size: (a) lung, (b) breast, (c) liver, (d) esophagus, and (e) thyroid. Average chest diameter is defined as
the square root of the product of the anteroposterior and lateral thicknesses at the beam center. PA = posteroanterior, AP = anteroposterior, and LAT = lateral.

3.D. Correlation of patient size with organ dose per
mAs or 100 mAs

Figures 7(a)–7(d) show relationship between three large
organs of interest in chest examinations with average chest di-

ameter (defined in Sec. 2.D). The lungs received higher dose
compared to the liver and breasts in the two-view chest x-ray
and tomosynthesis. The breasts received higher dose in the
chest anteroposterior examination for most patients. The liver
received lower dose in CT compared to that of the lungs and
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FIG. 4. (a) Distribution of effective dose with respect to patient size for all modalities and (b) effective dose ratio of chest CT and tomosynthesis, and of chest
tomosynthesis and conventional two-view chest x-ray. ED = effective dose, PA = posteroanterior, AP = anteroposterior, and LAT = lateral.

breasts. Table III tabulates the fitting parameters of the expo-
nential relationship:

Organ dose = exp(αorgand + βorgan),

with d the average chest diameter. Among all the modal-
ities, chest tomosynthesis had the best exponential fit for
organ dose and body size. Lung dose had the highest R2

value, indicating best fit, which can also be observed from
the plots. Dose to the breasts showed an exponential de-
crease with body size for chest tomosynthesis; it had much
weaker exponential correlation for CT and the two-view chest
x-ray and even less correlation for the chest anteroposterior
examination.

3.E. Effect of tomosynthesis angles on radiation dose

Figures 8(a) and 8(b) show the effect of projection an-
gles on radiation dose in chest tomosynthesis for the refer-
ence phantoms. Effective dose increased as the x-ray tube
moved towards the center, maximized at approximately zero
degrees, and decreased as the tube moved off-center. The dif-
ference between the minimum effective dose at angle −15.3◦

and the maximum at angle −0.9◦ was extremely small, only
0.002 mSv. Dose received by the lungs, breasts, and liver for
the male and female reference phantoms illustrated a very
similar trend, therefore only female data are shown here. Dose
to the lungs and breasts with respect to angles showed a simi-
lar trend as effective dose, with dose to the breasts being much
smaller (about one-fifth that of the lungs). Dose to the liver
continued increasing as the x-ray tube moved up and had a
small decrease at the end.

4. DISCUSSION

Organ doses, effective doses, and risk indices between
the three main x-ray based chest imaging modalities (chest

radiograph, tomosynthesis, and CT) were studied across 59
anatomically varied adult patients. Among these three modal-
ities, CT may provide the highest level of feature resolution
but with a notably higher radiation dose. To implement the
ALARA (as low as reasonably achievable) principle in mak-
ing an appropriate choice between standard chest projection
imaging, tomosynthesis, and CT to achieve the lowest possi-
ble dose to patients, the organ doses, effective doses, and risk
indices for each modality should be accurately known. Al-
though some comparison studies across the three modalities
have been conducted,18, 19 these studies were based on dif-
ferent platforms and used only one generic phantom. To the
authors’ knowledge, this study was the first study that pro-
vided a dosimetric comparison across these modalities on one
platform with a wide range of patient sizes.

4.A. Effective dose across imaging modalities

The average effective doses, obtained from averaging ef-
fective doses of the 59 patients, for the chest posteroante-
rior, left lateral, and tomosynthesis studies were found to be
0.043 mSv, 0.099 mSv, and 0.39 mSv, which were about two
to three times of the values reported by Sabol for the same
machine and technical settings.19 There are multiple possi-
ble reasons for this as follows. First, the phantoms used in
the two studies were very different. Sabol used a mathemat-
ical phantom that was scaled to a medium American male,
while we used 59 voxelized phantoms that were created from
real patients’ CT data. Second, this work did not count for the
change of collimation of the x-ray source at different projec-
tion angles for the tomosynthesis examination, which would
result in over exposure to patient anatomy especially for ra-
diosensitive organs at the edge of the FOV (thyroid, breast,
and liver) and therefore higher effective dose. Third, neither
this study nor Sabol’s study validated the spectrum used in the
simulation. Sabol assumed a 2.7 mm Al equivalent filtration at
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FIG. 5. (a) and (c) Distribution of risk index with respect to patient size for all modalities and (b) and (d) risk index ratio of chest CT and tomosynthesis, and
of chest tomosynthesis and conventional two-view chest x-ray. ED = effective dose, RI = risk index, PA = posteroanterior, AP = anteroposterior, and LAT
= lateral.

71 kVp for the spectrum at 120 kVp. It is known that a ma-
terial’s linear attenuation changes with kVp, thus the equiv-
alent filtration will be different at 120 kVp. The spectrum in
our study was generated by xSpect software24 with its HVL
matched to the measured value (Sec. 2.B.1) at 120 kVp. This
was significantly different from the spectrum implemented in
Sabol’s work. Furthermore, mAs techniques used in the two
studies were different. Sabol used 1.9 mAs for posteroante-
rior and 5.9 mAs for left lateral, while we used mAs adjusted
values based on the patient’s body dimensions, having av-
erages of 2.4 mAs for posteroanterior and 5.6 mAs for left
lateral.

An mAs ratio of 10:1 was assumed for the chest tomosyn-
thesis to the posteroanterior examination during the calcula-
tion. If a simple scale of ten was used to estimate the average
effective dose of the chest tomosynthesis from the chest pos-
teroanterior examination, it would result in a discrepancy of

3.6%, a value different from that of Sabol’s work (discrep-
ancy of 25%).19 This can be explained by the effective dose
discussion in the previous paragraph.

4.B. Effect of body size on radiation dose

Exponentially decreasing effective dose per mAs or
100 mAs with increasing body size was observed as expected,
agreeing with many other studies.9, 13, 14, 30, 31 This was simply
due to the exponential absorption of x-ray photon energy by
body tissues. Correlation of effective dose per mAs with body
dimensions for the chest anteroposterior and left lateral study
was weaker than that of the posteroanterior and tomosynthe-
sis studies [Figs. 6(a)–6(c)]. This can be explained by the
wide spread dose to the surface organ—breasts—in these two
examinations [Figs. 7(a) and 7(b)]. Breasts are important in
chest examinations because they receive a high radiation dose
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FIG. 6. Effective dose per mAs or 100 mAs as a function of body dimension for all patients and modalities: (a) chest PA and chest AP, (b) chest left LAT,
(c) chest tomosynthesis; and (d) chest CT. For (a) and (c), patient’s anteroposterior thickness at the beam center is used for the x-axis; for (b), patient’s lateral
thickness at the beam center is used for the x-axis; and for (d), average diameter is used for the x-axis. “+” or “×” are the effective dose values calculated
from the organ dose of individual patients. Lines are the exponential fit ED (d) = exp (αEDd +βED) with parameters αED and βED tabulated in Table II. ED
= effective dose, PA = posteroanterior, AP = anteroposterior, and LAT = lateral.

and carry a high weighting factor in ICRP 103.28 In chest an-
teroposterior and left lateral examinations, the breasts were
directly irradiated without any other body shielding, so the
dose received was independent of the body dimension. Thus,
the R2 value of breasts (Table III) for the anteroposterior study
was very small (0.008).

Correlations between the body diameter and the normal-
ized lung and liver doses were better than that of the breasts
for all modalities, indicating surface organs have weaker cor-
relation with body size, which agreed well with previous
studies.13, 32 The exponential relationship between organ dose
normalized to mAs and body size shown in this study has
also been reported in the literature.13, 30, 31 Our study further
demonstrated such an exponential relationship for chest to-
mosynthesis examinations.

The absolute effective dose from the chest CT examina-
tion increased exponentially with the increase of patient size,
while only increasing slightly for radiographic modalities.
This is caused by the exponential dependence of CTDIvol on
the average diameter in CT. With the effective dose per tube
current known for different body sizes and for both planer
x-ray and CT, the absolute effective dose can be expressed
as (ED/mAs)×mAs. From Table II, chest tomosynthesis and
CT examinations have very close α values (−0.048 cm−1 and
−0.041 cm−1 respectively), indicating that their ED/mAs de-
creased at a similar rate with respect to patient size. Thus, the
different trends of absolute effective dose between these two
examinations can be explained by the differences of their mAs
values. For tomosynthesis examinations, mAs increased with
patient size in a discrete fashion, while for CT, it increased in
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TABLE II. Exponential relationship between effective dose and body size:
ED (d) = exp (αEDd + βED), where d is anteroposterior thickness for PA,
AP, and tomosynthesis, lateral thickness for left LAT, and average diameter
for CT. PA = posteroanterior, AP = anteroposterior, and LAT = lateral.

Fitting parameter

Protocol αED (cm−1) βED R2

PA −0.047 − 2.84 0.731
AP −0.021 − 2.79 0.256
Left LAT −0.025 − 3.10 0.373
Tomosynthesis −0.048 − 2.86 0.738
CT −0.041 2.57 0.574

a continuous and exponential fashion. This resulted in the dif-
ferences in absolute effective dose trends between these two
examinations, which indicated that a larger patient would ben-
efit much more by choosing chest tomosynthesis as opposed

to chest CT. Although Duke technique charts already consid-
ered image quality in terms of detector dose, it did not aim to
offer a fully optimized performance across patient size. While
our study is meaningful as it offers dose comparisons for clin-
ically applicable techniques, we believe a future study is war-
ranted to address this limitation, and to determine dose across
modalities when the modalities are fully optimized with re-
spect to explicit image quality targets.

Recognizing the limitations of effective dose and cancer
risk, risk index was estimated for each modality. The trends
of risk index for the various modalities were similar to that
of effective dose, which follows the same argument with the
additional provision of accounting for patient gender.

4.C. Effect of tomosynthesis angles on radiation dose

Effective doses and doses to lungs and breasts for each
projection angle in chest tomosynthesis displayed a parabolic

FIG. 7. Lung, breast, and liver doses as a function of body dimension. Lines are the exponential fit: organ dose (d) = exp (αorgand + βorgan) with the fitting
parameters tabulated in Table III for each organ. PA = posteroanterior, AP = anteroposterior, and LAT = lateral.

Medical Physics, Vol. 41, No. 2, February 2014



023901-11 Zhang et al.: Chest radiography, tomosynthesis, and CT dose 023901-11

TABLE III. Exponential relationship of organ dose with body size: organ
dose (d) = exp (αorgand + βorgan) with d the average chest diameter defined
in Sec. 2.D. PA = posteroanterior, AP = anteroposterior and LAT = lateral.

Fitting parameter

Organ Protocol αorgan (cm−1) βorgan R2

Lungs AP −0.039 − 1.82 0.471
PA + left LAT −0.037 − 1.36 0.590
Tomosynthesis −0.035 − 2.01 0.596
CT −0.056 3.67 0.602

Breasts AP −0.008 − 2.26 0.008
PA + left LAT −0.022 − 2.17 0.201
Tomosynthesis −0.096 − 1.65 0.613
CT −0.039 3.11 0.261

Liver AP −0.060 − 1.39 0.616
PA + left LAT −0.052 − 1.86 0.509
Tomosynthesis −0.048 − 2.28 0.412
CT −0.063 3.47 0.403

shape, as reported in other studies.15, 19, 33 Since the same
collimation was used throughout all projection angles, the
parabolic response was mainly due to the change of field-to-
source distance from extreme to central angles and thus the
inverse square effect on incident exposure. Dose to the liver,
however, did not have the maximum at zero degrees, which
was because of more shielding for body tissues at lower an-
gles caused by its inferior location with respect to the pivot
point.

4.D. Limitations and future work

The results presented in this paper were obtained under
particular technique settings, meaning that they might not di-

rectly apply to examinations performed with different imag-
ing parameters (for example different kVp or filtration). Thus,
when implementing the results, it should be ensured that the
imaging parameters are similar. Nonetheless, the protocols
used in this study corresponded to clinical operation, and as
such the results were of clinical relevance.

In this work, we used effective dose to quantify the to-
tal burden of the patient in an examination in a scalar form.
Effective dose, however, is not explicitly defined for an in-
dividual patient. In the absence of a universally defined
scalar metric, effective dose has been used to fulfill this
need. It is in that spirit that we used effective dose in this
work.

It should be noted that the primary purpose of this study
was to provide dosimetric information between chest x-ray ra-
diography, tomosynthesis, and CT. The data reported here are
intended to determine the best imaging modality for individ-
ual patients. However, to have a thorough picture, the image
quality of the three modalities and thus the benefit to risk ra-
tios should also be considered. For example, although larger
patients receive much less dose during a chest tomosynthesis
examination than CT compared to smaller patients, the im-
age quality from a tomosynthesis scan might be much worse
for larger patients which might result in a smaller benefit to
risk ratio. Furthermore, future work should consider patients’
age while computing risk index, since age dependency is one
significant advantage of the concept of risk index over effec-
tive dose as a dose metric. This study can also be extended
to pediatric patients, who are more radio-sensitive and have a
longer life time to develop cancers. However, one major con-
clusion from this study that can also be applied to pediatric pa-
tients is that the effective dose ratio between CT and tomosyn-
thesis might be less for pediatric patients, due to their small
sizes.

FIG. 8. (a) Effective dose at each acquisition angle of chest tomosynthesis for the reference phantoms and (b) doses to lungs, breasts, and liver at each acquisition
angle for the reference female phantom. Negative angles mean the x-ray tube is inferior to the pivot point. The effective dose was averaged across male and
female reference phantoms as defined in ICRP publication 103. Doses to the three organs for both reference phantoms showed the same pattern, so only female
data were plotted here. ED = effective dose.
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5. CONCLUSION

In this study, organ doses, effective doses, and risk indices
were compared across three main x-ray based chest imag-
ing modalities based on one common Monte Carlo simula-
tion platform. Fifty-nine anatomically varied male and female
adult patients covering a wide range of body habitus were em-
ployed in the Monte Carlo simulation of each modality. With
increasing patient average chest diameter, organ dose, effec-
tive dose, and risk index for CT increased considerably in an
exponential fashion, while these three dose values only in-
creased slightly for radiographic modalities and tomosynthe-
sis. The ratios of effective dose and risk index versus chest
diameter for CT/tomosynthesis showed a significant slope,
while the ratios for tomosynthesis and conventional two-view
x-ray remained rather flat, indicating a greater benefit for
larger patients in choosing chest tomosynthesis over CT.
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